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This work summarizes results of about 10 years of the author’s own activities in the 
field of aqueous synthesis and handling of thiol-capped semiconductor nanocrystals. As this 
field has also been explored by hundreds of other scientists, I have endeavoured to do my 
utmost to provide a short but comprehensive overview presenting my own results as part of 
the knowledge framework jointly created by multiple colleagues and collaborators from all 
over the world. This habilitation thesis consists of an introduction, which provides references 
to the corresponding literature sources and also links to the corresponding annexes, i.e. 
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Nanoparticles belong to the class of materials being in the focus of attention of 
modern nanochemistry.[1] Nanoparticles may consist of organic (i.e. polymer) or 
inorganic (i.e. semiconductor, metal, metal oxide, etc) substances. Development of 
nanochemistry in the direction of multifunctional materials gives rise to more and more 
sophisticated nanoparticles consisting of inorganic-inorganic, polymer-inorganic etc. 
composites of various structures, such as core shell (also multiple shells), dumbbells, 
doped materials and alloys. A main nanochemical approach allowing one to obtain 
nanoparticles is colloidal synthesis.[2-5] The main feature of colloidal synthesis is the 
formation of nanoparticles by strictly controlled chemical precipitation in the presence of 
surfactants. As follows from the definition of a colloid, successful synthesis should result 
in formation of a stable colloidal solution of nanoparticles. Besides the synthesis, post 
preparative treatments of the nanoparticles (and their solutions) are very important 
chemical steps allowing transformation of “just” nanoparticles into the functional nano-
building blocks demanded by the emerging fields of nanophotonics and nanotechnology. 
Typical post-preparative treatment approaches include size-selective precipitation, 
chemical and photochemical etching, surfactant and/or solvent exchange, as well as 
mixing and formation of hybrids or bulk composites with other molecules and 
substances. 
However, any of the building blocks, even if they should be the most desirable and 
promising from the point of view of their “magic” functionalities, are effectively useless 
if one cannot properly handle them. A pile of bricks is not a building. Indeed, to fabricate 
nanoparticles in solution and to functionalize them is only half of the job. To make the 
existing nanoparticle useful we have to localize it, we have to place it into a desired 
architecture (often with nanometer resolution) and finally we have to be able to address 
it. At present, the most successful examples of proper handling are based on the so-
named top-down nanotechnology approaches, where the nanoparticles themselves, their 
superstructures and the nanodevice architectures are fabricated by e-beam epitaxy, 
nanolithography, etc. The methods are precise, but have their limitations: they are 
relatively expensive, yield relatively small amounts of nanoobjects and are applicable to 
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a limited list of substances and substrates. Without subtracting from the importance of 
top-down approaches, it is obvious, that nanotechnology may only win from the 
development of alternative, bottom-up nanofabrication routes. Indeed, the above 
mentioned limitations seem not to be inherent to typical products of the bottom up 
synthesis, namely to colloidally synthesized nanoparticles.1
[6]
 Consequently, research fields 
devoted to the efficient synthesis and handling of the colloidal nanoparticles are quickly 
emerging in the last decades.  The main tools allowing manipulation of colloidal 
nanoparticles are assembly and self-assembly techniques.  
Nowadays assembly approaches are recognized as being the main working tool of 
bottom up chemical nanotechnology. Colloidal semiconductor and metal nanoparticles 
are used to build up artificial molecules and solids.[7-9]  The assembly of nanoparticles 
can be performed on surfaces of various geometries, i.e. flat, porous or spherical. Such 
assemblies may be very useful for thin-film technologies, doping of mesoporous 
materials, modification of pre-patterned substrates, creation of microshells and 
fabrication of microcavities.[10,11] Self-assembly approaches or the use of removable 
templates make possible the formation of nanowires,[12,13] nanosheets,[14] or 
nanoporous 3D ordered materials[15] created solely from the assembled nanoparticles. 
Hierarchical assembly and the assembly of nanoparticles with other functional (organic 
or inorganic) entities open up the possibility to achieve composites with literally 
unlimited functionalities.[6,16,17] The understanding and governing of charge and 
energy transfer processes between the components within the composites are the key 
points in their efficient utilization as building blocks in novel types of LEDs, 
photovoltaic and photonic devices and various optical sensors.[6,10] In this work the 
recent advances made in the design of colloidal thiol-capped nanoparticles and their 
assembly into functional architectures are discussed. As all the II-VI semiconductor 
nanoparticles discussed below have been proven to be crystalline, the term nanocrystals 
(NCs) will be further used to describe them.  
  
                                                 
1 A 100 ml of a typical colloidal solution of the type relevant to the present work contains an average of up to 
1017 of the functional fluorescent semiconductor nanoparticles. The cost of such a synthesis is below 100 €. 
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Thiol-capped nanocrystals  
Synthesis of thiol-capped nanocrystals and their post preparative treatment 
The use of thiols as capping agents (also termed ligands or stabilizers) is versatile, 
and can be applied to a large variety of metal chalcogenide materials.[18-20] The 
precipitation reaction between the metal and chalcogenide precursors takes place in 
aqueous medium in the presence of short-chained thiol molecules. Subsequently, metal-
thiolate complexes formed at the initial stage are further consumed to build crystalline 
nanoparticles. The growth process may be controlled by duration, temperature, microwave 
treatment etc. The resulting nanoparticles consist of an inorganic metal chalcogenide core 
which is surrounded by a shell of organic thiol stabilizers. This shell provides NCs with 
colloidal stability and chemical functionality. 
Proper choice of thiols and other reaction conditions allows the successful synthesis 
of strongly light-emitting NCs.[21-25] Due to quantum confinement the 
photoluminescence (PL) and absorption of the NCs are dependent on their size, which in 
most cases can be controlled by the duration of the synthesis.[26] As shown in Figure 1, 
the PL of the thiol-capped NCs covers, depending on the core material composition and its 
size, a very broad spectral region from UV-blue (from ca. 350 nm for ZnSe[27]) through 
visible (ZnSeTe,[28] ZnCdSe,[29] CdTe[23]) to the near infrared (up to ca. 1700 nm for 
CdHgTe[30] and HgTe[31]). In fact, the highest emission wavelength reported for thiol-
capped HgTe NCs by Kovalenko et. al. reaches a maximum of ca. 3.5 µm.[32]  
 
Figure 1. True color image of ZnSeTe (blue emitting) and CdTe (all others) 
colloidal nanocrystals in aqueous solutions under 365 nm UV-lamp excitation (left). 
Reproduced from ref. [5]. Copyright 2005, WILEY VCH Verlag GmbH & Co. KGaA. 
Representative normalized photoluminescence spectra of typical thiol-capped 
nanocrystals (right). Reproduced from ref. [10] Copyright 2010, Royal Society of 
Chemistry 
Annex 1 describes the synthesis of thiol-capped CdTe nanocrystals in terms of their 
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comparison to the best examples of light emitting nanocrystals obtained by hot-injection 
approach in organic solution.[23] To the highlights of this paper belong the reproducible 
achievements of stable nanocrystals directly in aqueous solution. The NCs possessed PL 
quantum yields (QY) reaching 10-30 % directly after synthesis and this property may be 
additionally improved through the use of post-preparative treatments. Procedures of size-
selective precipitation, photochemical etching and ligand exchange have been discussed as 
powerful tools to improve the size distribution of CdTe nanocrystals, their PL QY, 
processability and stability. Photochemical etching, for example, was used to remove 
surface defects and by this PL QY up to values of around 50-60% were achieved. Proper 
choice of etching conditions allowed narrowing of the size distribution, although 
accompanied by the reduction in nanoparticle sizes, which was observed as a blue shift in 
the absorption and PL spectra. Size-selective precipitation allowed extraction of a series 
of fractions from the as-prepared ensemble of nanoparticles. Among these fractions of 
different sizes those possessing a PL QY of up to 30-50% and those possessing a PL QY 
below a few percent were identified. A general explanation of this phenomenon in terms 
of the dynamic distribution of growth rates in an ensemble of nanoparticles and related 
variation of nanoparticle qualities was proposed by Talapin and colleagues in parallel 
theoretical and experimental studies.[33,34] 
As presented in Annex 2, the PL QYs of as-prepared thioglycolic acid (TGA) 
capped CdTe NCs can reach 50-60%.[35] The optimisation of the synthesis was based on 
a study of the influence of the initial conditions (structure and concentration of the Cd-
thiol complexes) on the quality of the CdTe nanocrystals. A numerical calculation shows a 
clear correlation between the concentration of the CdL (where L is (SCH2COO)2-) 
complex in the initial solution and the PL QY of the resulting CdTe nanocrystals. This 
study also allowed the community to predict the possibility of the optimisation of the NC 
syntheses in the presence of other thiol-stabilizers, e.g. 3-mercaptopropionic acid (MPA). 
Annex 3 summarizes the state of the art in the research fields related to CdTe 
NCs.[24] Amongst others, it was shown that CdTe NCs stabilized by MPA can reach 
sizes of up to 6 nm, so that the spectral range of the NCs’ emission available within the 
aqueous synthetic route was extended from 500 to 800 nm. Moreover, the biggest MPA-
capped CdTe NCs possessed monoexponential emission decay times which was explained 
by considering the energetics of the Te-related traps with respect to the valence-band 
position of CdTe NCs. In this work experimental data on correlation between the average 
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size of nanocrystals and their optical band gap were also provided. 
The list of light-emitting thiol-capped NCs is not solely limited to Cd-containing 
materials. Annex 4 describes TGA-capped ZnSe nanocrystals, which appear to be non-
emitting directly after synthesis, but show pronounced band-gap related emission reaching 
25-30% QY after post-preparative photochemical treatment.[27] In comparison to the 
above mentioned photochemical etching of CdTe NCs, ZnSe nanocrystals are found to 
grow due to the photoinduced formation of a passivating ZnS shell. A very similar method 
of photochemical formation of a wide band gap CdS shell was also successfully applied 
by Gao et al to passivate the surface of CdTe NCs.[36] 
Another example of successful Cd-free NCs is presented in Annex 5. The  
ZnSe1-xTex nanocrystals stabilized with aminoacid glutathione (GSH) possess blue 
emission around 430 nm with a PL QY of up to 20%.[28] Fabrication of the stable and 
light emitting bulk composite with polyuretane is also demonstrated. 
Thiol-capping as a tool for nanocrystal surface design 
The solubility of thiol-capped NCs is not limited to aqueous solutions. NCs 
synthesized in water can be transferred into non-polar organic solvents, such as toluene, 
styrene, chloroform etc. via a stabilizer exchange to long-chained thiols,[37] by utilizing 
polymerizable surfactants[38] or by employing amphiphilic molecules for the 
stabilization.[39,40] Annex 6 presents one of the first published examples of a successful 
water-to-organics transfer of CdTe NCs through the surface exchange of short chained 
TGA to long chained 1-dodecanethiol.[37] Acetone was used to mediate the exchange. 
Being transferred to organic solutions the NCs may be used for the fabrication of 
functional and processable polymer-NC composites.[37,38] Such composites, based on 
the example of 1-dodecanethiol-capped HgTe NCs blended with methyl-substituted 
ladder-type poly(paraphenylene) (MeLPPP) were suitable for the fabrication of a near-IR 
LED (Annex 7).[41] This work demonstrated the possibility of extending thin film 
technologies developed for polymer-LEDs to blended polymer-NC LEDs with the aim to 
address spectral regions which can not be covered by light-emitting polymers available to 
date.  
Results presented in Annex 8 extended the solvent compatibility of thiol-capped 
NCs to amphiphilicity.[40] Indeed, CdTe NCs stabilized with polyethylene glycol-based 
thiols were compatible with both aqueous and nonpolar (toluene, chloroform) media and 
showed the ability to spontaneously transfer between the phases. These nanoparticles 
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might be of special interest in biological applications because they should have the ability 
to overcome barriers of varying polarity such as cell membranes. The versatility of this 
approach was additionally demonstrated by application to form amphiphilic gold 
nanoparticles.[42] 
At present, the ligands most often used for CdTe NCs include two of the above 
mentioned mercaptoacids TGA and MPA, which import negative surface charge to 
nanoparticles and allow to obtain strongly emitting colloids which are stable for months 
and even years in terms of both their colloidal stability against coagulation and their 
constantly high emission quantum yield. The use of other thiols as stabilizing ligands on 
demand is equally possible, with successful examples including mercaptoethanol and 
thioglycerol (TG),[21] L-cysteine,[43] cysteamine (CA) or 2-mercaptoethylamine 
(MA),[23,44,45] glutathione (GSH),[28,46,47] tiopronin,[48] dimethylaminoethanethiol 
(DMAET),[14,23] dihydrolipoic acid (DHLA),[49] mercaptosuccinic acid,[50] 2-
mercaptopropionic acid,[51] and plenty of specially designed stabilizers, e.g. the above 
mentioned amphiphilic polyethyleneglycol (PEG)-based thiols[40] or chiral D- and L-
cysteinemethylester hydrochloride.[52] The use of aminoacids (e.g. GSH or L-cysteine) is 
promising from the point of view of better biocompatibility of nanoparticles, while DHLA 
provides better surface binding due to the presence of two mercapto-groups. Figure 2 
shows the chemical structures of typical thiol capping ligands employed in the aqueous 
synthesis of thiol-stabilized NCs, illustrating the molecular functionalities provided by 
these capping agents.  
 
Figure 2. Chemical structures of typical thiol capping ligands employed in the 




The proper choice of the optimal stabilizer also depends on the target NC materials 
in terms of their strong emission.[53,54] While TGA is one of the optimal stabilizers for 
CdTe NCs in this respect, strongly emitting TGA-capped ZnSe NCs can be obtained only 
after post-preparative photochemical treatment.[27] The use of GSH, however, allows for 
the direct synthesis of strongly emitting ZnSe, ZnSeTe and ZnSe/ZnS core/shell 
NCs.[28,55] Similarly, TG appears to be one of the best stabilizers for the synthesis of 
strongly near-infrared emitting CdHgTe[56,57] and HgTe NCs,[31] while CdTe NCs 
capped with TG, although stable, possess only moderate emission.[23] The ability of 
some particular ligands to provide strongly emissive NCs has been a subject of earlier 
research.[22,58] Gao and co-workers showed that carboxy-groups were able to provide 
additional (besides the thiol-group) coordination with surface Cd atoms contributing to 
both the improved emission intensity and the long-term colloidal stability of TGA and 
MPA capped NCs. Amino-thiols such as CA and DMAET provide moderately high PL 
QY, but the binding to the NC surface is labile so that the long term colloidal stability of 
the respective solutions is not optimal.[23] Thus, TGA, MPA and the aminoacid GSH are 




Assembly of thiol-capped nanocrystals and their application perspectives 
The surface charge provided by thiol-capping opens the possibility to manipulate 
NCs, e.g. by electrostatic assembly techniques, by oriented attachment, or by 
electrophoresis. Specific chemical functionalities (e.g. amino- or carboxylic groups) are 
attractive for covalent linking to bulk surfaces (e.g. electrodes or substrates for optical 
studies), to the surfaces of other NCs or microparticles as well as to (bio)molecules. By 
this, proper thiol-capping may be considered as a key factor in determining the successful 
fabrication and application of various assemblies discussed below.[10,59] 
Layer by layer assembly technique 
Uniform and multicomponent thin films consisting of functional molecules and/or 
NCs may be formed by applying the so-called layer-by-layer (LbL) technique, which was 
originally introduced for the assembly of polymer electrolytes[60] and small particles[61] 
and which was later adapted for the deposition of charged NCs both on flat[62,63] and on 
curved surfaces.[64,65] The formation of monolayers of deposited materials is based on 
the electrostatic interaction between the NCs and the surface (Figure 3). Alternation of the 
sign of the charges of the species to be deposited allows to grow quite thick (up to 
hundreds of nanometers) multilayers while the introduction of new components in one of 
the layers yields the opportunity of virtually unlimited but controllable variations of LbL-
multistructure compositions.[66,67] The thickness of the LbL film depends as a rule 
linearly on the number of deposited NC/polyelectrolyte “bilayers”.[68] As a result a linear 
dependence of the absorption in the region of the first absorption maximum on the number 
of bilayers was observed, as may be seen exemplarily in Annex 4 (fig. 5) in the case of 
ZnSe NC films.[27] By the application of the LbL method it is also possible to modify 
porous structures. As an example, the LbL modification of artificial opals with CdTe NCs 
allowed to obtain intrinsically light emitting photonic crystals which were successfully 





Figure 3. Schematic representation of the LbL assembly involving polyelectrolyte 
molecules and oppositely charged nanoparticles. The procedures 1–4 can be repeated to 
assemble more PE/nanoparticle bilayers. Adapted from ref.[59]. Copyright 2005, WILEY 
VCH Verlag GmbH & Co. KGaA. 
Probably, the most impressive example of the application of the LbL technique is 
the fabrication of LEDs as was successfully demonstrated by several groups[63,72,73] 
and recently reviewed.[74] LEDs built by the LbL technique are normally assembled 
using simple wet chemical processes at room temperature in ambient conditions. Annex 9 
presents a typical device, built of CdTe NCs alternatively assembled with 
poly(diallyldimethylammonium chloride) (PDDA), showing an electroluminescence turn 
on voltage of 2.5 V and maximum light output at 3.3 V, with a peak radiated power of 141 
nW corresponding to an external quantum efficiency of 0.51%. The luminous efficiencies 
of the red-emitting LED reached 0.4 CdA-1 and 0.81 LmW-1.[72] In the case of patterned 
conducting substrates the use of an electric field enables the acceleration or, if necessary, 
inhibition of the LbL assembly, which was successfully utilized for the selective 
fabrication of green and red emitting micro-LEDs with 50 µm spatial resolution,[75] as 
described in more details in Annex 10. The micro LEDs of this kind and size range are 
attractive for the fabrication of display pixels. Further development of the LEDs and LED 
architectures resulted in layer-by-layer fabrication of solely inorganic devices. Negatively 
charged CdTe NCs were intercalated within a laminar hydrotalcite-like structure instead 
of a polyelectrolyte matrix. The laminar scaffold acted to both support and distribute the 
CdTe nanocrystals. The device had high thermal stability, operating continuously up to 
90ºC, and a maximum efficiency at 0.12 Acm2 with the peak luminescence efficiency of 
8.42 CdA-1. This thermostable device is targeted at the automotive industry.[76] 




Figure 4. (a) Array of pixels fabricated by the all-inorganic layer-by-layer assembly. 
Each pixel has dimensions of 250 x 250 μm; (b) “seven-segment” device fabricated with 
the same method, the dimension of the luminescent area is 2 x 7 mm; (c) 
photoluminescence spectrum of aqueous CdTe NCs (gray curve) compared to the 
electroluminescence spectrum of the device (black curve). Adapted from ref.[76]. 
Copyright 2010, WILEY VCH Verlag GmbH & Co. KGaA. 
The building of LbL films from NCs of two different sizes allows controllable 
design of Förster resonance energy transfer (FRET) based devices. FRET rates as high as 
4 ns-1 were observed between CdTe NCs separated by one polyelectrolyte monolayer.[77] 
This phenomenon was utilized for the optimization of energy scavenging systems[78] as 
well as for the fine tuning of the chromacity coordinates of NC composites.[79] Varying 
the distance between layers of differently sized NCs influences the relative intensity of 
corresponding emission bands and results in controllable tuning of chromacity 
coordinates. The use of the LbL technique for the formation of CdTe NC and gold 
nanoparticle layers with a controllable interlayer distance allowed an observation of 
various phenomena related to efficient interactions between emitting nanocrystals and 
surface plasmon field. Among others are off-resonance enhancement of band-gap 
emission,[80] anisotropic emission from multilayered plasmon resonator nanocomposites 
of isotropic CdTe NCs[81] and surface plasmon enhanced FRET between donor and 
acceptor CdTe NCs.[82] 
Electrostatic assembly of thin films and solids 
This method is based on the fact that the proper choice of stabilizing agent allows 
one to vary the surface charge of NCs. By this the LbL-like assembly may be 
implemented even without utilization of polyelectrolytes or similar substances. Successful 
thin layer fabrication was demonstrated in Annex 11 in the example of CA (positively 
charged) and TGA (negatively charged) stabilized CdTe NCs. However, it has been 
shown that the formation of only one bi-layer of oppositely charged NCs is achievable 
without using polyelectrolytes.[83] Nevertheless, even in these bilayer structures the 
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strong electrostatic interaction between the NCs allows the observation of an increase in 
the FRET rates of up to 14 ns-1. Thin films of colloidal CdTe NCs built up by this 
technique were also successfully utilized by another group for the fabrication of 
photodetectors.[84]   
Electrostatic interactions as well as covalent linking between positively charged CA 
stabilized NCs and negatively charged TGA stabilized CdTe NCs were utilized for the 
formation of closely packed solids.[44,85] The CdTe(CA)-CdTe(TGA) coupling was 
dictated by the surfactant spacer, ranging between 0.93 and 1.14 nm and by electrostatic 
and covalent interactions, enabling a FRET process among the NCs. It was demonstrated 
that covalent bonding allows a closer surface-to-surface distance and by this a quicker 
energy transport (in a range of 102 ns-1) from smaller (donors) to larger (acceptors) NCs in 
assemblies.[85]  
Thin film assemblies on microbeads 
The LbL assembly of NCs on the surface of polymer (polystyrene (PS), 
polymethylmetacrylate (PMMA), melamine formaldehyde (MF), etc.) or silica beads 
opens up an opportunity to create submicrometer sized objects exhibiting the properties of 
their nanometer sized components.[86,87] In this case the LbL assembly can be 
undertaken by the suspension of the beads in solutions of the corresponding layer 
component (Figure 5). The compositions of the solutions are generally the same as for the 
procedures described above. Typical polyelectrolytes are PDDA, poly(styrene sulfonate) 
(PSS), polyethyleneimine (PEI), polyallylamine hydrochloride (PAH), etc. Repetitive 
centrifugation from pure water suspensions is used for washing of the beads and removal 
of excessive or non-specifically adsorbed reactants. The modified beads retain the PL 
properties of the NCs used with a slight red shift of the PL maximum due to energy 
transfer from the smaller to the larger NCs in the assembled surface film.[64,88] The 
comparatively large size of the beads allows their manipulation by optical tweezers or 
their use when mounted on a tip at the end of an optical fibre. Thus, the beads can be used 
as sub-wavelength-sized light sources for photonic applications[89] or for the FRET-





Figure 5. Schematics of the layer by layer modification of micro and submicro beads with 
nanocrystals. Inset shows confocal microscopy image of the mixture of luminescing beads 
possessing three different colors of emission. 
The LbL modified beads of sizes above 2 µm show an efficient coupling of the light 
emitted by the NCs with the whispering gallery modes (WGM) of spherical 
microresonators.[91-93] Moreover, optical coupling between two adjacent 
microresonators modified with light emitting NCs allowed observation of photonic 
molecule phenomena, i.e. transition from individual (atom-like) to collective (molecule-
like) WGM photonic states.[93,94] Similar studies on microspheres modified with CdSe 
NCs were also performed by the Woggon group.[95,96] 
The use of beads made from materials which can be dissolved after LbL deposition 
of the polyelectrolytes (such as e.g. non-crosslinked MF, MnCO3, etc.) allows the 
formation of hollow polyelectrolyte shells.[97,98] The shells are promising as 
microcapsules for drug delivery systems. Analogously to beads, these shells may be 
modified with NCs (Figure 6a). Annex 12 presents a possibility not only to modify the 
hollow shells with CdTe NCs, but also to code the emission of beads by using NCs of two 
different emission colours in various ratios (Figure 6b). Such a kind of coding is important 
for the recognition and the monitoring of the microcapsules, especially taking into account 
their target application as drug delivery containers. Further development of this assembly 
approach resulted in the fabrication of simultaneously magnetic (due to assembled Fe3O4 
NCs) and light emitting (due to CdTe NCs)[99] microcapsules, as described in Annex 13. 
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Apart from the possibility of recognition and monitoring, these capsules may be also 
addressed and moved, which is demonstrated for example by their alignment under 
external magnetic field (Figure 6c). Colloidal NCs may be assembled on the capsule 
surface not only with the aid of “classical” synthetic polyelectrolytes, such as PDDA, 
PSS, PAH or PEI. Annex 14 demonstrates the fabrication of microcapsules assembled 
from such biocompatible polyelectrolytes as alginic acid sodium salt, protamine sulfate, 
dextrane sulfate and chitosan. These microcapsules were successfully labelled with CdTe 
NCs to provide emission in the visible spectral region and also by CdHgTe and HgTe NCs 
emitting in the near-IR.[100] The near-IR excitation and emission are, in fact, very 
attractive for bio-imaging deeper into tissues (especially in vivo) as near-IR light (in the 
region of ca. 800-1100 nm) is not absorbed as readily by hemoglobin and water.[101] In 
addition to the successful labelling, compatibility with typical biological buffer 
(phosphate buffered saline (PBS)) and stability of the capsules emission over several days 
were demonstrated. 
 
Figure 6. (a) Schematics of a hollow polymer capsule formed from polyelectrolyte (PE) 
bilayers. The capsule is loaded with drug molecules and labelled with two types 
(luminescent -luminescent or luminescent – magnetic) of nanocrystals. (b) PL spectra of 
two-color coded microcapsules showing two separate peaks with controlled intensity 
ratios (1:1, 1:2 and 2:1); (c) Confocal microscopy image of aligned in magnetic field 
microcapsules (diam. 5.6 µm) simultaneously loaded with CdTe and Fe3O4 NCs. Panel (b) 
is adopted from ref. [102]. Copyright 2002 WILEY VCH Verlag GmbH & Co. Panel (c) is 
adopted from ref. [99]. Copyright 2004, the American Chemical Society. 
Another method of coating microspheres has been established through the controlled 
precipitation of NCs by means of their aggregation in solution onto latex spheres as 
demonstrated in Annex 15.[103] The aggregation of TGA-capped CdTe NCs onto 
colloidal beads was induced by the solvent-non-solvent (e.g. water – isopropanol) pair 
precipitation technique which is normally successfully used to separate semiconductor 
nanoparticles by size. Alternatively, precipitation of CA capped CdTe NCs can be driven 
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by changing their solubility through adjustment of the pH of the aqueous solution. 
Relatively large (from several tens of nm to several tens of µm) colloidal latex spheres 
statistically harvest aggregated NCs which consequently leads to the formation of a shell 
of NCs on a latex core. Moreover, the thickness of the shell can efficiently be controlled 
through the proper choice of the concentration ratio of the colloidal spheres serving as the 
cores and the precipitated NC species. This method, in comparison to the LbL technique, 
has the great advantage of being a quick one-step procedure for the formation of relatively 
thick shells. 
Covalent coupling of nanocrystals 
While the covalent coupling between thiol-capped NCs with the aim to create 
molecular like NC species (e.g. NC dimers, etc.) is still in its infancy, carbodiimide 
chemistry may well be applied to the coupling of NCs to pre-treated macrosurfaces. 
Accordingly, CdTe NCs have been used for the conjugation with various substrates such 
as glass, silica or silicon with different shapes of the surfaces, as described in Annex 
16.[104] The method is based on the binding of acid-stabilized NCs to aminated surfaces 
with the aid of carbodiimide as a mediator and is not limited to bulk substrates but is of 
more generality as it was successfully applied to coat glass spheres of micron size or silica 
beads by CdTe NCs.[104] The luminescence from the modified spheres kept in air and 
under daylight was not altered over a period of at least 3 months.  
Recently, an approach for immobilizing CdTe NCs on thin, fluid films consisting of 
poly(acrylic acid) (PAA) polymer chains tethered by one end to an underlying substrate in 
a polymer brush configuration was demonstrated.[105] The protocol involves covalent 
bonding similar to that described above, but between amino groups present on the surface 
of the CdTe NCs (stabilized by CA) and carboxylic groups of PAA polymer chains. The 
thickness of the PAA polymer brush employed (ca. 4.5 nm) was comparable to the 
nanoparticle size. Exploitation of such a thin polymer brush was found to suppress 
nanoparticle aggregation and facilitate complete surface coverage.[105,106] As a fine 
example of the practical application of covalently bound assemblies, the thermosensitive 
poly(N-isopropyl acrylamide) (PNIPAM) microgel linked to CA-capped CdTe NCs 
should be mentioned. Due to the temperature dependent transition between collapsed and 
swollen stages of the microgel (ca. 35°C) the composite shows pronounced and reversible 
quenching/antiquenching fluorescence behaviour (Figure 7).[107] Such microsensors may 





Figure 7. Left: Schematic of the reaction steps carried out to obtain microgels covered 
with CdTe NCs. Right: maximum PL intensity measured during repeated heating (40 °C) 
and cooling (25 °C) cycles of the microgels. Adapted from ref.[107]. Copyright 2008, 
American Chemical Society. 
Self-assembly on gold surfaces. 
A self-assembly of CdTe NCs capped with TGA or MPA and ZnSe NCs capped with 
TGA on a gold surface was recently demonstrated and was successfully utilized for 
electrochemical investigations.[108,109] As described in Annex 17,[108] for an efficient 
assembly proper cleaning and activation of the gold surface must be done which results in 
the formation of a self-assembled film of the NCs with approx. 50% surface coverage 
(Figure 8). Electrochemical studies of thiol-capped CdTe NCs self-assembled on gold 
have demonstrated several distinct oxidation and reduction peaks in the voltammograms, 
with the peak positions being dependent on the NC size. Amongst other findings, it was 
shown that one of the anodic peaks can be assigned to the oxidation of Te-related surface 
traps. The results obtained indicate that the energy levels of these traps are shifted to 
lower energies as the NC size increases, thus allowing the higher photostability of the 
larger NCs to be explained. This observed shift of the energy levels is also consistent with 
the size-evolution of the emission decay kinetics, as discussed in more detail in Annex 3. 
Apart from the aforementioned electrochemical studies the technique for assembling NCs 





Figure  8. High-resolution SEM images of the surface of an Au electrode after adsorption of 
CdTe nanocrystals stabilized with TGA (a) and MPA (b). The mean particle sizes were 3.3 
and 7 nm, respectively. Adapted from ref.[108]. Copyright 2005, American Chemical Society. 
1D assemblies and 2D nanosheets. 
As has been shown recently the gentle removal of TGA surfactant[110] or the 
partial destabilization of a colloidal solution by the addition of phosphate buffer at 
physiological concentrations[111,112] can cause a spontaneous assembly of CdTe NCs 
into brightly emitting nanowires (NWs). The method of 1D assembly employing the 
addition of a phosphate buffer is described in detail in Annex 18.[111] It is important to 
note, that in this case the in situ observation of the process of nanowire formation under a 
confocal microscope is possible. Due to this in situ observation the most advantageous 
conditions for a quick (in minutes) and controllable assembly were established. The PL 
maximum of the CdTe NWs is commonly red-shifted by approx. 10 nm, which points 
towards a decrease of the electronic confinement in these 1D objects.  
The wires were also found as a by-product of ageing CdTe NC solutions by keeping 
the NCs for more than 1 year at room temperature. This wire formation can be a result of 
slow degradation of the stabilizing thiols. Alternatively, the strongly emitting branched 
1D assemblies of CdTe NCs were also prepared by a soft templating method with 
amphiphilic molecules.[113] Self-assembled CdTe nanowires were used by Kotov et al 
for further decoration with SiO2, resulting in complex nanostructures 
(“nanocentipedes”).[114] When similar “nanocentipedes” were formed from CdTe NCs 
bioconjugated via streptavidin-biotin coupling to CdTe NWs and conditions for achieving 
optimal distances and spectral matching were elucidated, an efficient cascade energy 
transfer resembling the principles of biological photosynthetic systems was 
observed.[115] The prototype of logical nanocircuitry formed from the triangular 
arrangement of bioconjugated nanowires was also demonstrated.[116] Not only wires, but 
also strongly emitting nanotubes may be formed if CdTe NCs are assembled on the 
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surface of Cd-thiolate nanowires.[117]  
An interesting example of NC assembly was reported by Kotov and co-workers. 
This is a spontaneous formation of free-floating sheets which occurs when DMAET is 
used as the capping agent.[14] Comparative analysis of the self-assembly behaviour of 
TGA- and DMAET-capped CdTe NCs, which form nanowires and nanosheets 
respectively, demonstrated that NC shape, directional attraction, and electrostatic 
interactions are key to determining the anisotropy of the NC-NC interaction and the final 
self-assembled structures. Surprisingly, these data show a resemblance of the NC 
assemblies to self-ordering biological systems, such as S-layer–forming proteins.[118] 
3D assembled gels and aerogels. 
Although the fabrication of aerogels, highly porous materials bridging in their 
properties the macro and nano dimensions,[119] was known for metal oxides since 
1931,[120] first demonstrations of aerogels built solely from colloidal semiconductor NCs 
appeared only recently.[15,121] As shown in Annex 19, in the case of thiol-capped NCs 
controllable ageing, chemical and photochemical treatments may lead to the formation of 
3D networks (gelation).[122] Photochemical treatment is shown to be the most 
controllable and reproducible way for gel formation, allowing to preserve the pristine 
emission of the NCs also in the gels.[122,123] The formation of highly porous (pore 
surface of ca. 210 m2/g and monolith density of less than 1/500th of the corresponding 
bulk material) strongly emitting aerogels as well as the hybridization of the wet gels with 
polymers have been demonstrated (Figure 9).[122] Their hybrids with polymers are 
processable by common casting or thermoplating techniques. Utilization of conducting 
polymers for the gel infiltration will open new possibilities for fabrication, depending on 
the design, of highly efficient hybrid LEDs or energy harvesting systems. In such 
composites percolated polymer and nanocrystalline phases may allow efficient separated 
charge carrier transport, while a huge interfacial area may ideally serve for carrier 
separation or recombination depending on design. The high porosity of the light emitting 




Figure 9. a) TEM image of a CdTe NC gel structure; b) strongly emitting CdTe NC 
hydrogel; c) self-supporting emitting CdTe aerogel (size is ca. 0.5 cm3); d,e) optically 
transparent and processable aerogel-PMMA composite. Images in frames b,c, and e are 
taken under 365 nm UV-light excitation. Adapted from ref.[122]. Copyright 2008, WILEY 
VCH Verlag GmbH & Co. KGaA. 
The method of self-assembly for CdTe nanocrystal 3D networks supported by Cd-
thiolates was introduced recently.[124] In the resulting gel-like structures and aerogels the 
optical properties of the individual nanoparticles are better prevented from deterioration: 
the nanoparticles are separated by the thiolate network and quenching of the emission due 
to the energy transfer between nanocrystals is less probable. The aerogels of this type 
show very strong emission and possess “saturated” pure emission colours. They may find 
applications in colour conversion layers.[125] 
Recently developed stabilization of CdTe NCs with tetrazole derivatives allowed to 
propose an alternative method for the formation of gel networks based on complex bridges 
with divalent metal ions, e.g. Cd2+ or Ni2+, as schematically shown in Figure 10 and 
described in detail in Annex 20.[126] This gelation is very quick (on the time scale of 
several seconds to several minutes) and also shown to be reversible if stronger 
complexants such as EDTA are added to the network. This reversibility may be easily 
followed by visual observations and also spectroscopically as the gel is characterized by 
pronounced scattering in the UV-Vis absorbance and by a red-shifted photoluminescence 
with relatively lower intensity. The method was also successfully utilized for the 
formation of mixed CdTe and Au nanoparticle aerogels, as described in Annex 21.[127] 
Efficient control of the ratio between plasmonic and light emitting nanoparticles in such 
kinds of aerogel allowed to determine conditions for surface plasmon enhancement of the 




Figure 10. (a) Mechanism proposed for the gelation of CdTe/5-HSCH2Tz nanocrystals; 
(b) TEM and HRTEM images of a CdTe nanocrystal hydrogel fragment dried on a TEM 
grid. Inset: a typical true-colour image of a CdTe hydrogel under day light (left) and 
under UV lamp (right); (c-e) absorbance (top panels) and emission (bottom panels) 
spectra of CdTe-tetrazole nanocrystal colloid measured upon a stepwise addition of Cd2+ 
ions into the initial colloid (c) and into the by EDTA regenerated colloid (e), (d) 
nanocrystal solution regeneration after step c by the addition of EDTA. The arrows 
indicate increased Cd2+ or EDTA concentration. Adapted from ref.[126]. Copyright 2010, 
American Chemical Society 
Conclusions and Outlook 
Brightly emitting thiol-capped NCs with a flexible surface chemistry determined by 
ease of choice of capping ligands are considered as perfect building blocks for the 
assembly by various techniques based on self-organization, electrostatic interactions, 
covalent linking, etc. These assemblies have already secured and will continue to secure 
in the future a wide field of applications, ranging from life sciences to photonics and 
optoelectronics. Applications in optoelectronics include light-emitting diodes, microarrays 
of multicolored light-emitting pixels and photosensitive films. This is closely connected to 
photonic applications in which these assemblies play the role of subwavelength emitters, 
tunable light-sources coupled to optical modes of photonic crystals and heterocrystals, 
spherical microresonators, photonic molecules and waveguides. Biological related 
applications include temperature sensitive nanoassemblies, luminescent coding of 
multifunctional microbeads and polymer microcapsules suitable for drug delivery systems. 
The ability of the NCs to interact with neighboring nanoparticles or molecules gives rise 
to the assembly of FRET-based and nanoplasmonic devices as well as various sensors.  
It is very important to stress, that although CdTe nanocrystals are the most 
successful and prominent member of the thiol-capped family, the methods described here 
are versatile and are also applicable to other types of thiol-capped NCs. Moreover, most of 
the NCs synthesized by hot-injection methods in organic media (among others CdSe NCs 
and nanorods, and their core-shell combinations, CdTe, lead chalcogenides) may undergo 
surface exchange of the capping agent to short chain thiols. As the experience of our 
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group shows, such type of “secondary” thiol-capped NCs is very compatible with most of 
the assembly methods described above. Taking into account the variety of materials 
available from both aqueous and hot-injection syntheses, each possessing unique physico-
chemical properties, the above described methods as well as possible new approaches 
have literally unlimited applicability in nanoscience and nanotechnology.  
This work was recently summarized in form of several reviews,[5,10,25,26,128] the 
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